Introduction
Much evidence has been obtained during the last few years relative to the question of the path of the upward movement of the greater portion of the inorganic solutes in plants. There appears to be little doubt that the xylem is the tissue chiefly concerned with this function. The purpose of this work, in addition to contributing more evidence to this conclusion, is to determine by use of a number of plants some of the effects which a girdle imposes upon the rise of inorganic solutes, and the relation of xylem anatomy to the ease with which solutes pass a girdle, a relationship first suggested by CLEMENTS (2) . Historical The historical development of this subject has been outlined in a previous paper (2) . Briefly, during the last fifteen years CURTIS (4, 5, 6) has developed the idea that the phloem tissue, and not the xylem, is chiefly concerned with the movement of inorganic ions upward.
CLEMENTS (2) , in 1930, presented data definitely showing that there is a great upward movement of inorganic solutes past a girdle. Further, he indicated the error in CURTIS'S experiments as well as in the latter's interpretative logic, pointing out that his failure to have proper controls rendered his experiments irrelevant to the conelusion that the phloem is the path of inorganic solute translocation, and that he unwittingly demonstrated that the girdle affects the rise of salts in part through its effects on the xylem. CLEMENTS showed further that while the quantity of salts which passed the girdle was very large there was a retarding effect caused by removing a strip of phloem and the consequent exposure of the current year's xylem. This retarding effect, at least in part, appears dependent in magnitude upon the distribution of tracheae in the seasonal development of xylem.
More recently, HOAGLAND and BROYER (8) demonstrated rather clearly that the xylem is concerned with the rise of the bromide ion. The rate of movement in the xylem appears to be maintainied even after a girdle is made until some little while later, when it suffers a progressive retardation.
It is apparent from these investigations that since the salts travel with the transpiration stream in the xylem, they are subject to the same phe-Methods Eight campus trees and shrubs, and two fruit trees, were used in these experiments. The trees and shrubs were poplar (Poputus tremuloides), willow (Salix sp.), dogwood (Cornus stotonifera) growing in two different localities, mountain ash (Sorbus americana), Russian pea (Caragana arborescens), lilac (Syringa vulgaris), honeysuckle (Lonicera sp.); and the fruit trees, apple (Pyrus malus, variety unknown) and crabapple (P. matus). These latter trees were growing under unirrigated conditions. Two-or three-year-old stems were cut off about 1 cm. above a lateral bud and a ring of bark, including phloem and cambium, removed about 4 cm. below the bud or buds. The ring itself was about 0.5 cm. wide. The exposed xylem was protected as much as possible by grafter's wax. Controls taken a-t the time of girdling (beginning controls) consisted of similar stems removed at a point corresponding with the position of the girdle on the girdled stem. Another set of controls (end controls) was left on the plants to be removed when the girdled stems were collected.
The girdling was done and the beginning controls taken on April 18, 1936, just as the buds were beginning to develop. The beginning controls, six to fifteen for each plant, were taken to the laboratory and prepared for analysis. The girdled stems and their end controls were collected when they had passed their maximum rate of growth. The number of stems or "cuttings" was noted for each plant.
In all cases, the samples were dried in an oven at 800 C. and then ground to 40-mesh fineness in a power mill after weighing to determine total dry weight. Total ash content was determined upon duplicate samples blasted to constant weight in a muffle furnace. The ash contents are reported as percentages of the dry weight and as milligrams per cutting. Total nitrogen was determined by the usual Kjeldahl method, with no modification for nitrates and nitrites, and reported as percentages of the dry weight and as milligrams per cutting.
The anatomical work was done in the following manner: 1-cm. pieces of 2-or 3-year-old stems of each plant were cut and put immediately into turtox. Later, hand sections were made, stained in safranin, dehydrated in alcohol, and mounted in halsam by the usual method. Projection drawings were made from these sections. Results
A discussion of work of this kinid cannot be complete without some mention of the ecology of the region in which the plants were grown. *The region has a bunch-grass climax. Only 14.68 inches of rain fell during the year in which these studies were made, although the average approximates 21 inches per year, most of which falls in winter and spring; hence the normal growing season, especially June, July, anid August, is dry. The atmosphere becomes extremely dry (as low as 5-10 per cent.) and the light intensity at this altitude often attains a magnitude of 12,000 foot candles; hence the transpiration rate is excessive. The trees on the campus have been introduced, and will maintain growth only when water is supplied. The trees used in this experinment, growing in a region which will not naturally support even the larger shrubs, are often handicapped by the inability of the root systems to provide water rapidly enough to prevent wilting. The occasional lack of water, a consequence either of erratic sprinkling or excessive demand, is manifested in the xylem of many of the trees by the formation of false rings (see Populus, ( fig. 8 ), and Pyrus ( fig. 3 ). Plants growing under such adverse conditions maintain a precarious balance with the environment, and any further inhibiting factor initroduced into such a plant will be amplified under these conditionis. Speaking teleologically, a tree in this region has an intense struggle for existence and reacts very strongly to girdling.
The girdled stems and controls of Lonicera were cut and brought into the laboratory on May 27, by which date they had made excellent growth. Both opposite lateral buds had developed on each stem, and the resulting growth attained a length of approximately 30 cm. The apple and crabapple stems were taken on June 28, when they apparently had made their maximum growth. Growth in both plants, as well as that of the girdled and ungirdled stems of each, was very good. On July 8, the remaining cuttings were collected. Of these, dogwood A2 made the best growth, the girdled stems nearly equaling the ungirdled stems in appearance and size. The girdled stem of dogwood M made about half the growth of the ungirdled stems, and were visibly affected by the girdle. -Poplar, willow, and lilac made only mediocre growth, and the girdled stems of Russian pea made very little growth. Only one girdled stem of mountain ash grew, and this but slightly. Of all the plants studied this one showed the severest reaction -to the girdle. The analytical data are tabulated in tables-I and II3
Inspection of these data permits two fundamental conclusions: (1) the girdle does not stop the upward movement of inorganic salts, but, on the contrary permits the passing of large quantities of mineral salts in the xylem of the plant; and (2) treatment being the same in all plants, the response to the girdle seems to be characteristic of (a) the particular plant and (b) the particular site. conditions for all species, seems to be correlated with the effect of the girdle on the xylem. The difference between the ash content of the girdled shoot and that of the end control is a measure of the effect of the girdle on the growth of the shoot, considering all factors influencing the rate of growth; but under ideal conditions would stand in an inverse relationship with the difference between the first control and the girdled shoot.
Considering now the first of these conclusions, it is readily evident fromn Here, as with the ash content, the two dogwoods yield the greatest increase in total nitrogen in mg. per cutting, the girdled stems of dogwood A showing a total nitrogen content of 5.8 times that of the beginning controls, and of dogwood M, 5 times the nitrogen content of the beginning controls. The girdled shoots of crabapple, Lonicera, and apple are next, with total nitrogen contents of 4.3, 3.5, and 2.5 times the content of the respective controls. Poplar and Russian pea are at the bottom of the list. The assumption here is, of course, that all nitrogen compounds present above the girdle were derived from nitrogen salts rising through the xylem, and synthesized in the leaf region above, a phenomenon known to be common among perennials (17) . In Populus and Caragana the increase above the girdle is so small that it indicates a situation such as THOMAS (17) found, namely, that the inorganic nitrogen loses its identity in the roots and is changed to the organic, and as such may move through tissues other than xylem. This may, indeed, account for some of the poor growth made by some girdled shoots. It may be pointed out, however, that even the ungirdled end controls do not increase in nitrogeni as much as they do in ash. Thus the total nitrogen per girdled shoot ranges from practically nothing in Populus to 5.8 times the nitrogen content of the beginning controls in Cornus.
These increases in the ash and total nitrogen content of the girdled stems are definite demonstrations of the thesis that large quantities of inorganic solutes rise in stems after the continuity of the phloem has been broken, and therefore lead to the conclusion that the xylem is the chief path of transport. That this conclusion is correct has been further verified by HOAGLAND The rising transpiration stream in the old xylem makes connection with the new xylem above the girdle by a lateral movement from the older vessels to the vessels of the new wood, especially where the distal portion of the experimental branch has been removed. Further, the girdling process, no matter how carefully done, causes injury to the xylem. Even though the exposed xylem is protected by paraffin or grafting wax, there is some incapacitation of it that is caused not by mechanical injury but by a plugging of the xylem elements with air drawn in by suction tension (10), or by a general disorganization caused by the isolation of the living cells of the xylem, which die as a result of girdling, as is evidenced by a discoloration of the exposed tissue. Also, the reduction in the cross-sectional area of the water channel itself, or at least the prevention of its development at the place of the girdle, will be effective in reducing water movement. It must be remembered that, if a girdle is made in the spring, the xylem which is exposed is that which was sufficient to provide water for the previous season's growth, but not for the greater foliage development of the present year. This fact must be taken into account whenever girdled and ungirdled stems are compared, because the actual conducting volumes in the two cases are unequal. To obtain a figure for the relative conducting volumes, girdled and ungirdled stems of Cornus were taken. The girdles were made July 15, at which time the plants were approaching their greatest size. Six weeks later, these shoots together with the ungirdled controls were removed. The stems were cut (a fresh cut made under water to -prevent air clogging) and water was sucked through 10-cm. lengths to a suction flask. One of the 10-cm. lengths included the girdle, while the control was taken in juxtaposition to the girdled portion. An average of several 3-hour tests showed that the ungirdled stems had conducted 33.8 per cent. more water than the girdled stem. Since, unlike the field conditions, the force was distributed equally over the whole crosssectional area, there was no lateral movement in the ungirdled stem; so the result is no more than the measure of the relative cross-sectional areas of the conducting tissue. In diffused porous woods in which the vessels lie next to the new xylem, there may be a lateral movement of the stream farther into the old wood because of the plugging of the columns next to the girdle.
In a case of this kind there would be two lateral movements, one inward below the girdle and the other outward above the girdle.
(4) The rapidity and ease with which a lateral transfer from xylem of a previous year to that of more recent development is effected is apparently dependent upon (1) the proximity of the tracheae of the old xylem to those of the new xylem; (2) the size of the tracheae; (3) the number of tracheae and other elements through which the laterally moving solutions must pass; and (4) the thickness of the cell walls of all xylem cells.
A consideration of the mechanism of the lateral movement must be included before going farther. While the xylem rays may be instrumental in moving foods and salts from xylem to phloem and vice versa, it seems improbable that a mass movement of water would take place through them sufficient to supply the amount used by the transpiring leaves; while such a movement is possible, at best it would be extremely slow. The possibility that cell wall pits are operative in such a lateral movemenit, a postulate of STRASBURGER (16), has been discredited by MACDOUGAL, OVERTON, and SMITH (10). The fact that in the majority of plants the pits are found sometimes exclusively on the radial rather than the tangential walls, while lateral movement still takes place, would seem to further verify this criticism. It should be emphasized that the lateral movemnent of water, in this paper, refers to the movement of water from older to newer xylem, not merely a movement tangentially about the stem.
There remain, then, two possible means of lateral movement; a lateral movement through leaf or branch traces (10), and a lateral movement through the cellulose gels which constitute the cell walls. MACDOUGAL, OVER-TON, and SMITH (10) showed that no dye was moved laterally to outer xylem layers from inner xylem layers to which dye had been added through a borehole. They concluded that there is no lateral movement, and could not demonstrate that movement took place through the traces. As the method by which the stream is transferred from the older layers of xylem into the newer layers, they suggested that the central column of xylem has a conical terminal which "is surrounded by a thimiible-shaped mass of wood whose upper half (longitudinal growth of the present season) is solid, and whose lower half (the portion formed laterally to the previous year's wood) is hollow. It appears, therefore, that in the two-year-old twig, water entering the first year's wood moves more or less vertically through it to the region where the second year 's wood caps that of the first year." Thus, the "lateral" movement as postulated by MACDOUGAL, OVERTON, and SMITH (10) is actually a vertical movement caused by relayed suction forces of the transpiring leaves of the current year. The results of their dye experiments seem to be consonant with such a mechanism, but in this work the stems are cut off above the lateral bud, making all such vertical transfers impossible.
How, then, can the developing bud receive the influx of salts except by a lateral movement of the rising transpiration stream directly across the xylem, either through the cell walls or the lamellae? There appears to be no alternative.
In order to test this hypothesis some shoots of Cornus and Caragana were girdled on July 14. The tops of these shoots were not removed as in previous experiments. Six weeks later these shoots were removed at a point several inches below the girdle. These In an earlier publication, MAcDOUGAL (9) reports an experiment in which several small trees were girdled about September 1. A few days later a tree was cut, topped, and attached to a suction pump, with the base of the tree in fuchsin. The pump was operated at a vacuum of 74 cm. of mercury for 4 hours. At the end of the time 250 cc. of dye had been drawn through to a suction flask past the girdle. The dye had passed through in all layers of the xylem, with no variation of the conducting stream. Another of the girdled trees was cut a few weeks later and treated in the same manner. The time of pumping was from 3 P.M. one afternoon to 9 A.M. the next morning, and at the end of that time 200 cc. of dye had been drawn through at the normal rate of 8 cm. per hour. All layers of xylem were colored up to half the distance, and above that it was found only in the second and third layers of xylem, and "when the stem was bisected it was seen that the exposed wood formed during the current year had not conducted the dye, which had come up in this layer to the margin of the exposed zone, been blocked out of it across the girdle, and then diffused into5 and followed it up many celntimeters above, as has been noted. " In the system used in our experiments there is no equal tension on each xylem year because the stem is cut off. If the current development of xylem is inhibited below the girdle, the transpiration stream rising primarily in the previous year's xylem is drawn past the girdle laterally into the current xylem above the girdle by a "one sided " suction tension from the leaves. Obviously this situation is very it also charges all of the cellulose micelles in the same sense, thus causing them to repel one another. This repulsion separates the micellar structure and allows water to enter, as it were, passively into the increased interstices" (11) . The transpiration stream is, among other things, a weak solution of electrolytes. The fact that swelling takes place indicates that water is taken into the structure; and when a considerable "suction " force is applied at one side of the gel, it seems reasonable that water can be drawn through the avenues which are present as micellar interstices. The thicker the cell wall, the more difficult will be the passage of solution through it, since a greater total-resistance will be encountered. If the lateral movement takes place across a great many small, thick-walled tracheids, the movement would be much slower than across a few thin-walled tracheids. But even where this lateral movement is comparatively easy, it is more difficult than a vertical movement through the lumina of the vessels.
There are two general types of xylem as regards tracheal distribution:
the "ring-porous " type, in which the tracheae are concentrated in the spring growth of xylem, forming a more-or-less definite ring; and the "diffuseporous" type, in which the tracheae are scattered evenly throughout the whole annual ring. There are, of course, all degrees of intergradation between ring-porosity and diffuse-porosity, a "semi-diffuse" porous xylem representing a median where large and closely packed vessels are concentrated in the spring wood, with vessels becoming increasingly smaller and less frequent throughout the summer wood, with few or none in the late summer wood at the end of the year's growth.
The xylem of the plants used in this experiment represent a rather complete series of the above types, and, further, in one of them, Sorbus, the production of tracheae has been reduced to only scattered groups of six or eight cells per group, those generally in the spring and early summer wood. For convenience in correlating the xylem anatomy of these plants with their corresponding ash data the following grouping of the plants is used and the correlation is made with the analytical data in table III. In this table, two groups are made: the plants with diffuse-porous xylem, represented by dogwood, apple, honeysuckle and willow; those with ringporous xylem, represented by poplar, lilac, and Russian pea; and the mountain ash with its paucity of vessels but so arranged that it does not fit into either of the first two groups. On the basis of the ability of the xylem to carry the solutes when girdled, these plants arrange themselves in order of decreasing amounts as follows: dogwood A, dogwood M, honeysuckle, willow, crabapple, apple, lilac, Russian pea, poplar, and mountain ash. Figures 1 to 9 reveal that, on -the basis of xylem structure with reference to tracheal number and distribution, the order from greatly diffused porous xylem to ring porosity is as follows: crabapple, dogwood A, dogwood M, apple, honeysuckle, willow, lilac, Russian pea, poplar, and mountain ash. Were it not for the fact that the two apple trees are out of line, the series would be exactly parallel. The behavior of the apple trees, however, is explainable when it is remembered that they were not watered, but were growing under difficult ecological conditions. This emphasizes the fact that whatever influences the transpiration stream also influences the movement of soil solutes, although not necessarily in proportion.
There is no sharp line of demarkation between diffuse-porous and semidiffuse-porous, but for the sake of the grouping, crabapple, apple, dogwood, and Lonicera have been placed in the diffuse-porous group. If one inspects figures 1 to 46 one will have no doubt that crabapple and Cornus are diffuseporous. In these two plants the vessels are numerous, large, and evenly dispersed. There are 6 or less tracheids separating the vessels of one annual ring from another in both of these plants. In crabapple, however, the vessels are much more numerous, and the tracheids separating them are fewer than in Cornus; for this reason crabapple has been placed first in the order, and Cornus second. In the apple, the vessels are less numerous than in crabapple, and much smaller than in crabapple and Cornus. Here, also, there is just a suggestion of departure from the strictly diffused porous type, manifested by a slightly greater concentration of tracheae in the spring wood. The vessels of the spring wood are also slightly larger than those of later summer. IThe tracheae of Lonicera ( fig. 4) A further con"sideration of the data of tables I and II will reveal consequences of an excessive transpiration rate. The effects of high transpiration and lack of water working together can be noticed in the data by the general tendency of the end controls to have higher ash and total nitrogen percentages than the girdled stems. This is especially true of those plants which remained growing until July 8, which indicates that, as the summer and increasing drying continued, the girdle as it affects the xylem became the limiting factor in transport of solutes up the stem. These data, then, show two important facts: (1) that the total amount of solute passing the girdle has the xylem anatomy as the limiting factor; and (2) that the great transpiration rate working in conjunction with an insufficient water supply, forces the girdle to become even more the limiting factor in the transport of water with its solutes. These facts cani be demonstrated in the first case by comparing the beginning controls with the girdle, and in the second case, by comparing the girdled stems with the end controls. It is in this second case that drought and transpiration become the forces at play oni the system.
As though paradoxical to the previous data, the end controls of the diffused porous plants with thin-walled tracheids and vessels (with the exception of Lonicera) showed the greatest increase of ash and total nitrogen over the girdled stems when compared with the semi-diffused and ring-porous plants. The series is reversed, with the end control of Populus showing the least increase in ash and total nitrogen over the girdled stem. However, just the proximity of the thin-walled vessels to the exposed area increases the likelihood of their being dried out, plugged, or disrupted by the intake of gas into the region about the girdle, thus incapacitating a considerable percentage of the area of the ascending water columns. In such ring-porous woods as Poptlus and Caragana by far the greater portioni of the conducting area lies deep in the annual ring; and any plugging of the tracheids in the girdle region will result in very little decrease in the extent of translocational facilities of the plant. The thickness of the exposed cell walls will undoubtedly be a factor determining the extent of drying or of the intake of air into the xylem elements. Thus 297.4 mg. 64.3 mg. The difference may be accounted for by the difference in conditions of growth of the plants. It will be remembered that the stems of Lonicera were harvested on May 27, less than 6 weeks after girdling, whereas the stems of Cornus were left on the plant until July 8. It has been stated that most of the rainfall of the region comes in the winter and spring. The month of May is usually the last to receive much rain, and the air is humid, the soil saturated as a result of winter snows and early rains. Conditions for growth in April and May undoubtedly parallel those of a normal mesophytic treebearing region, so it is to be expected that results obtained in this period for Lonicera are more likely to approach the results which would be obtained under normal tree-growing conditions. The effect of the girdle would, under the latter conditions, be much less pronounced than that observed for the July collection presented here. It was noticed in July that the leaves of the Lonicera from which the material had been collected in May were drying out and curling, a consequence of desiccation. The differences between the end controls and the girdled shoots,-therefore, appear to be larger than would be the case under more humid conditions.
The data indicate that dogwood A and dogwood M, although of the same species, reacted differently to the girdle. Their places of growth are quite different, however, dogwood A being on the campus, and exposed to sunlight intensity characteristic of the region; while dogwood "M" grows against the east wall of a campus building, and is exposed part of the day to the sun, the intensity of which becomes much greater than is normal by reflection from the wall. The intense heat increases the transpiration rate to a much greater degree than in the case of dogwood A, and because of this increased transpiration the deleterious effect of the girdle is greater.
It seems, therefore, that the differences between the end control and the girdled shoot may be considered to measure the effect of the girdle on the specific limiting factor which retards the growth of the particular plant. In some cases (Cornus, etc.) this seems to be high temperature; in some, water, (Pyrus) ; in some lack of nitrogen in the shoots (Populus, etc.). It is reasonable to suppose that, were all conditions ideal for each individual species, the difference between the girdled shoots and the end control would be considerably reduced (Lonicera) ; but only in the unusual case (Pyrus) would the girdled shoot exceed the ungirdled one in growth. and the fruit trees, apple (Pyrus malus, variety unknown) and crabapple (P. malus).
2. Shoots from each of these plants were selected in groups of three, one of these girdled, one removed at the time of girdling, and the third removed at the time the girdled shoot was removed. The difference in ash and nitrogen contents between the first and second shoots indicates the amount of each of these materials which passed the girdle; and the difference between the first and third shoots indicates the effect which the girdle, through its influence on the sum total of growth factors, imposes on the upward movement of the transpiration stream and its salts.
3. The data so obtained show, first, that a considerable amount of both ash and nitrogen passed the girdle, thus further establishing the generalization that the upward movement of inorganic solutes takes place chiefly in the xylem; second, that the influence of the girdle is somewhat characteristic of the species and of the environment in which the plant is growing. 4 . The effects of the girdle on the development of the parts above it seem to be as follows: (1) The removal of a ring of bark prevents the development of new xylem at that point, which, as growth above continues, becomes a constriction in the cross-sectional area of the conducting channel. (2) No matter how carefully a ring of bark may be removed even though no mechanical injury has been inflicted, and even though the wound is carefully covered, the xylem is affected in two ways: first, its living cells die as a result of their isolation from the living cells of the phloem; and second, as a consequence of this and of the actual exposure of the xylem, the outer layers of conducting cells lose their capacity to conduct water, and thus further limit the capacity of the xylem to conduct water with its dissolved salts. ( 3) The imposed girdle, as a result of the effects mentioned, makes necessary a transfer of water from one annual ring to another. The number, size, and distribution of the tracheae in the annual ring of wood seems to determine the rate with which the water with its dissolved salts can thus be transferred. A good correlation was found between tracheal distribution within the xylem of the plants studied and the amounts of minerals which passed the girdles.
5. It appears therefore that the girdle, as a break in the continuity of the phloem, does not affect the upward movement of salts; but rather that the girdle, as it affects the movement of water, influences the upward movement of salts in the xylem. 
